Abstract. We discuss the bulk properties of QGP produced at RHIC obtained at time of hadronization. We argue that hadronization of quark-gluon plasma occurs at a critical pressure of 82 MeV/fm 3 .
Introduction
We study the physical properties of the hot and dense fireball, and in particular, the thermal pressure at time of hadronization. In our approach, we consider that at RHIC, as well as at the top SPS energies, a local domain of thermally colliding gluons and quarks has been formed, the quark-gluon plasma (QGP). In the early stages of the collision a high density, and thus pressure buildup occurs which is followed by a fast relativistic collective matter outflow. This system expansion dilutes the density beyond phase equilibrium transformation to hadron phase (HP).
This sub-dense system is unstable and can experience a sudden breakup, converting rapidly from quarks into hadrons, with free streaming particles, only 'strong' hadron resonances are subject to possible further interactions. However, this does not alter the final stable particle yields. Thus, fitting the yields of particles using the statistical hadronization model (SHM), we can infer from the measured hadronic particle yields also the yields of other unmeasured hadrons. Summing the contributions of many gas fractions, we obtain the physical conditions of the fireball.
In such a procedure, it is necessary to allow for greatest possible flexibility in characterization of particle phase space, consistent with conservation laws and related physical constraints of QGP breakup. In particular, the QGP yield of strange and light quark pairs has to be nearly preserved while QGP particles are distributed into final state hadrons. This is accomplished using parameters which describe the quark pair yields, i.e., γ q and γ s . While these parameters in both phases are not equal, i.e., γ . A jump-up in the phase space occupancy parameters γ q replaces the increase in volume in a slow re-equilibration with mixed phase, which accommodates transformation of a QGP entropy dense phase into HP dilute phase, when in chemical equilibrium γ
Similarly, there is a jump-up in strangeness occupancy, γ s , since QGP is a more strangeness dense phase than is HP. We have, in general,
The available number of quark pairs at hadronization decisively influences the possibility to form baryons. In fact, the baryon to meson yield arising in microscopic dynamics of hadronization is proportional to γ q . This alone establishes the necessity to include the occupancy parameters in order to describe the yields of hadrons, since this is the parameter which allows for a hadronization dependent dynamical relative yield of mesons and baryons. Conversely, a study of particle yields with a fixed light quark equilibrium value γ HP q = 1 presumes that the relative yield of baryons to mesons is fully chemically equilibrated, and that we know well the spectrum of hadrons. Clearly, neither assumption is safe and the choice γ HP q = 1 is over-constraining any hadronization model, as of course is the choice γ s = 1.
Particle yield SHM data analysis
The analysis of experimental hadron yield results requires a significant book-keeping and fitting effort in order to allow for resonances, particle widths, full decay trees and isospin multiplet sub-states. A program SHARE (Statistical HAdronization with REsonances) suitable to perform this data analysis is available for public use [1, 2] . This program implements the PDG [3] confirmed (4-star) set of particles and resonances, and we use [4] already for two years the modern σ-meson mass [5] (m σ = 484, Γ σ /2 = 255 MeV).
We evaluate the success of our data fit considering the profile of χ 2 /dof as function of γ q . (see top of figure 1), left for AGS-SPS energy range and right for RHIC. The best fit is clearly not ever at γ q = 1 (super script 'HG' omitted). For small dof, the value of χ 2 /dof can be very misleading, for this reason the bottom frame, in figure 1, shows the confidence level P C ≡ CL.
The meaning of P C ≡ CL is explained in "Review of Particle Physics" [3] where we see, in Figure 32 .2, lines of fixed value of P C , for given values χ 2 /dof and dof. Note that the value P C = 50% is equivalent to χ 2 /dof = 1 for the case that very many dof are present. However, for a small number of dof, a very much smaller value of χ 2 /dof must be achieved to claim good confidence fit. Only P C (χ 2 , dof), and not χ 2 /dof, expresses confidence in the validity of the model used to fit the data.
Effectively, P C (χ 2 , dof) also expresses confidence in the data, provided that we believe in the model. This is easily recognized by checking what happens when we intentionally alter an experimental data point, e.g., by 2 s.d.. We find that our data fit remains stable in the sense that we find nearly the same model parameters, but P C becomes much smaller, and the falsified data point contributes dominantly to the error of the fit.
At SPS (left side, bottom frame of figure 1), our fits, carried out with the NA49 2008 data set, converge to a common best value P C = 70% [6] . This value has somewhat higher P C than one should expect on statistical grounds (50%). However, we have treated systematic errors as if these were statistical errors, and have added these linearly to the statistical errors, in effect making many measurement errors too large. On the right hand side, in figure 1, we see RHIC results. It seems that for √ s NN = 200 and 130 GeV, the confidence level is here too high, suggesting that the combination of statistical errors with systematic errors was not appropriate (our, here presented, 62 GeV fit comprises some extrapolated and interpolated results and should not be seen as yet to be a 'real' data fit). 
Data used and statistical parameters
The data sets for AGS-SPS study were presented elsewhere [6] , the study of total hadron yields at RHIC is still relying on extrapolations beyond the scope of this presentation. However, in table 1, we show the in-out data fields for the fits to central rapidity 200, 130 and 62.4 GeV at RHIC, as used here. As seen in table 1, we combine PHENIX data for direct single particle spectra with RHIC date for(strange) particles yields reconstructed using invariant mass method [7] , a more complete discussion of our data set goes beyond the scope of this report, see also [4] .
Other statistical hadronization (SH) parameters we derive from the data, shown in bottom of table 1, are the source volume V (that is dV /dy for RHIC, the volume associated with the interval of rapidity in which particles are measured), the temperature T , at which particles stop changing in yield (chemical freeze-out). Moreover, we obtain chemical potentials µ B = 3µ q = 3T ln λ q , µ S = T ln(λ q /λ s ), related to conserved quantum numbers: baryon number and strangeness, respectively. We also obtain λ I3 which expresses the asymmetry in the 3-rd component of the isospin. Especially for low energy reactions, where the particle yield is relatively low, this parameter differs significantly from unity. We have become aware by checking the work of other groups persuing statistical hadronization of QGP and fits to hadron yields that the net charge per net baryon ratio (0.39 for heavy nuclei) is not maintained in this work.
Hadronization condition
The SHARE program provides, beyond statistical parameters, also an opportunity to evaluate the physical properties of the bulk matter at hadronization. These show a change, from a low density and low pressure system at low √ s (AGS, lowest SPS 20 A GeV data) to a highly compressed phase just above this in energy. In figure 2 , we show, in the upper frame, the pressure P we obtain for the different fits. We find [4, 6] , in the study of the high energy SPS data, that hadronization is characterized by a remarkably constant value of P ≃ 82 ± 2 MeV/fm 3 . This result arises in the SPS energy domain (which is involving the total particle yields) without a further constrain. For RHIC, the central rapidity results lack a fixed baryon number and, as shown in previous section, the errors are way too large yielding fit confidence which is too high. We thus decided, at RHIC, to introduce as a additional 'measurement' the value P ≃ 82 ± 2 MeV/fm 3 . In figure 2 , we also show in the lower frame the fireball energy per primary hadron, E/h p . This value is also remarkably constant for top SPS and all RHIC reaction energies. The variation we see is, in part, explained by baryon density variation, and at low energy by different properties of the hadronizing system also seen in many other observables. Note that if γ HP q = 1 is forced, the value E/h p ≃ 0.75 rises to 1 GeV [8] . Considering the result achieved at SPS we introduce at RHIC as an additional constraint E/h p = 0.75 ± 10% as is also shown in table 1. With the two constraints, P and E/h p we find very good data fits with the outcome confirming that the hadronization pressure offers a good characterization of QGP breakup.
Hadron particle pressure emerges, in our study, as a common physical property which defines when and how QGP breaks up into hadrons. Why this is so is explained remembering that, at P = 1 atm, water boils in New York and in Beijing at 100 o C. The color non-conductivity of the true vacuum acts like a 'pot cover' keeping quarks together, the cover recedes when the pressure is high, QGP expands. After QGP breaks, the residual quark pressure turns into hadron pressure. In this picture the quark particle pressure has just the magnitude required to balance the vacuum pressure. Thus, the critical pressure of hadronization must be the vacuum pressure confining color.
The pressure P is compared to several other physical bulk properties of QGP in figure 3 . At low energy considering for example, entropy σ, we note that the AGS and lowest SPS results agree and produce a low value, suggesting a source which is half as dense compared to other results. This would be just what one expects if QGP is not formed at low reaction energies, or/and when there has been a considerable re-equilibration of hadronization products. Consideration of other, more penetrating observables, such as strangeness per entropy s/S and the continuity of total strangeness production as function of energy support the second hypothesis, a well equilibrating QGP fireball after hadronization. At high energy, we see that SPS and RHIC bulk properties are consistent. Moreover, the behavior as function of energy of, for example, the net baryon density (bottom frame) is consistent with the expectation that it should be decreasing -since baryon transparency increasing with energy of reaction is an intuitive requirement. Fits which force γ i = 1 can fail to produce this natural result.
The values of energy density, E/V → 500 MeVfm −3 = (250 MeV) 4 , and entropy density, S/V → 3.4 fm −3 , obtained for the high energy reactions are worth noting. These complement P → 82 ± 2 MeVfm −3 = (158 MeV) 4 .
Particle yield predictions
In table 2, we show the particle yields we obtain, comparison wit table 1 shows that our fit is very successful. In figure 4 , we show growth of strangeness pair yield with energy, squares (blue) for the total hadron most central reaction trigger, and RHIC central rapidity most central trigger as triangles (red).
Conclusions
The most intriguing result of this analysis is the smoothness, and even near constancy, of physical properties of the fireball at chemical freeze-out condition seen for the top three SPS energies 40, 80 and 158 AGeV which result agrees well with RHIC fits where we impose the pressure P and hadronization particle energy E/h p . Of particular physical interest is the value of hadronization pressure P ≃ 82 MeV/fm 3 , -in a phase transformation from quarks to hadrons, the pressure of quarks is transferred into the pressure of color-neutral hadrons, which can escape from the deconfined fireball. Since the flow pressure of quarks transfers smoothly into that of hadrons, we conclude that the thermal pressure of produced hadrons, P ≃ 82 MeV/fm 3 , provides a first estimate of the pressure of the vacuum which keeps color charged quarks inside the fireball up to the point of sudden fireball break-up. In summary, we presented a high confidence fit of high centrality data form AGS, SPS and RHIC and have found common ground of results at SPS and RHIC regarding the bulk properties of hadronizing matter. This suggests that a deconfined phase is with great probability already formed at or near 30 A GeV.
